The -electronic excitations of graphite layers are studied within the random-phase approximation. They principally reflect the -band characteristics, the strong wave-vector dependence, the anisotropic behavior, and the special symmetry. The plasmons in graphite have strong dispersion relations with the transferred momentum (q). They behave as an optical plasmon in a three-dimensional electron gas at small q. Moreover, the anisotropic behavior at the plane is apparent at large q. For a single graphite layer, the plasmons would disappear at very small q, and their frequencies are obviously reduced. The absence of interlayer Coulomb interactions is the main reason for this. The stage-1 graphite intercalation compounds ͑GIC's͒, as compared with graphite, exhibit the richer excitation spectra and the lower -plasmon frequencies. They have the intraband plasmon as well as the interband plasmon. These two kinds of plasmons are quite different from each other in certain respects, e.g., the cause of the plasmon. The enhanced interlayer distances could effectively reduce the -plasmon frequency, but not the transferred charges. The calculated plasmon frequencies are consistent with the experimental measurements on graphite and stage-1 GIC's. ͓S0163-1829͑97͒05820-7͔
I. INTRODUCTION
Graphite is one of the most extensively studied materials both experimentally and theoretically. Such a layered system is very suitable for the study of two-dimensional ͑2D͒ phenomena. It could be further intercalated by various atoms or molecules, which, thus, form many interesting graphite intercalation compounds ͑GIC's͒.
1 Moreover, graphite is closely related to the recently found carbon nanotubes, 2 C 60 , 3 and encapsulated C 60 . 4 Many studies show that these systems may exhibit similar physical properties. For example, the plasmon, the -electronic collective excitations, is found to exist in graphite, [5] [6] [7] GIC's, 8, 9 carbon nanotubes, 10 C 60 -related materials, 11 and encapsulated C 60 . 12 In this work, we mainly study the plasmon in graphite and stage-1 GIC's. The dependence of the -plasmon frequency (w p ) on magnitude (q) and direction ͑͒ of the transferred momentum, interlayer Coulomb interactions, and transferred charges is included in the study. Comparison with experimental measurements 6, 8, 9 is discussed. The and bands in graphite are formed, respectively, by 2p z and (2s,2p x ,2p y ) orbitals. The excitation properties could be measured by the electron-energy-loss spectrum 6, 7 ͑EELS͒ and optical spectrum. 5 Zeppenfeld 6 and Buchner 7 measured the q-dependent transmission EELS, in which the transferred momentum is along the graphite layer. These measurements 6, 7 show that the -plasmon frequency is ϳ7 -12 eV and the ϩ-plasmon frequency ϳ27-32 eV. For the interaction between two carbon atoms, the intralayer interaction is much larger than the interlayer interaction, owing to the large interlayer distance. Hence the model, in which graphite is regarded as a 2D supperlattice, is a reasonable first approximation. It is convenient for theoretical studies, e.g., the q-dependent plasmon studied here. There are many 2D band-structure calculations. [13] [14] [15] [16] [17] [18] [19] [20] They [15] [16] [17] [18] could explain the optical properties 5 at high frequencies. In addition, the above model is successful in understanding physical properties of GIC's. 1, 20, 21 A single graphite layer is a zerogap semiconductor, while graphite is a semimetal 1, 14, [21] [22] [23] in the inclusion of the weak interlayer interaction. Graphite has a small concentration of holes and electrons near the Fermi level. The physical properties associated with the Fermi surface are not adequately studied by the 2D supperlattice model, e.g., the intraband plasmon with a very low frequency (ϳ0.1 eV), 24 but not the plasmon. The tight-binding model 13 is used to calculate the band, and the random-phase approximation ͑RPA͒ to study the -electronic excitations below 15 eV. The supperlattice of infinite graphite layers is coupled by the Coulomb interactions among electrons. The interlayer Coulomb coupling is expected to play an important role in the plasmon, since it is strong at small qI c ͑I c the periodical distance between two neighboring graphite layers͒. The band-structure effects are appreciable, and markedly affect the characteristics of the dielectric function ͓⑀(q,,w)͔, which is very different from that of an electron gas ͑EGS͒. 25 The calculated EELS shows that the plasmon is characterized by the most prominent peak. The plasmon is derived from the interband excitations from the valence to the conduction bands, and its cause will be investigated. The -band characteristics, the strong wave-vector dependence, and the anisotropy at the plane will be reflected in the plasmon. We study the q-dependent behavior, and under which conditions the anisotropic behavior is apparent. The calculated -plasmon frequencies are compared with the experimental measurements. 6 GIC's have long been extensively studied. 1, 21 They are characterized by a stage index n denoting the number of the graphite layers between two intercalant layers. We focus our attention on the stage-1 GIC's (nϭ1). When atoms or molecules are intercalated into graphite, charges would be transferred from the graphite layers into the intercalant layers. GIC's, respectively, belong to acceptor type ͑AGIC's͒ and donor type ͑DGIC's͒, if the transferred charges are electrons and holes. The intercalation is assumed to merely alter the Fermi energy E F in the rigid band described by Eq. 2͑a͒. AGIC's and DGIC's have similar excitation properties as a result of the symetric band ͓Fig. 1͑c͔͒. GIC's have the high-density free carriers, which could induce the intraband excitations. Their excitation spectra are thus richer than those of graphite. In addition to the interband plasmon, GIC's could exhibit the intraband plasmon 8, 9 with frequency ϳ1 eV. Ritsko and Rice 8 measured in detail the q-dependent EELS of the stage-1 graphite FeCl 3 ͑AGIC's͒, and verified these two kinds of plasmons. The characteristics of the intraband plasmon have been studied theoretically. 26, 27 However, the intraband excitations and the plasmons in GIC's are not fully understood. The details concerning the intraband excitations need to be further clarified, e.g., the -dependent excitation properties and the cause of the intraband plasmon. The stage-1 GIC's, as compared with graphite, 6 exhibit the lower -plasmon frequency. 8 The effects due to the transferred charges and the enhanced interlayer distances will be investigated. There are certain EELS measurements 9 on the stage-1 C 8 M ͑M stands for K, Rb, and Cs; DGIC's͒, but at qϭ0.1 Å Ϫ1 . The plasmons in these stage-1 DGIC's are also studied.
This paper is organized as follows. In Sec. II, the dielectric functions of graphite and stage-1 GIC's are calculated within the RPA. The excitation properties of the electrons are studied in Sec. III. The calculated -plasmon frequencies are compared with the experimental measurements. 6, 8, 9 Concluding remarks are given in Sec. V.
II. THE DIELECTRIC FUNCTION
The band of a graphite layer is simply reviewed. It is obtained from the tight-binding model established by Wallace. 13 Both energy dispersions and Bloch functions are analytic; therefore, they are convenient in calculating the dielectric function. The positions of carbon atoms are characterized by the two primitive lattice vectors, a 1 and a 2 ͓Fig. 1͑a͔͒. The 2 p z orbitals belong to two sublattices, so the Bloch states could be described by the combination of the two tight-binding functions U 1 (k x ,k y ) and U 2 (k x ,k y ). The Hamiltonian with only the nearest-neighbor interactions is further given by
where
bϭ1.42 Å is the C-C bond length. The resonance integral ␥ 0 ϭ2.5 eV is taken from the comparison between the tightbinding model and the local-density approximation. 19 Other calculations could also obtain similar values (␥ 0 ϳ2.3-2.7 eV). 14, 18, 20, 23, 28 Diagonalizing the Hamiltonian, the energy dispersions are
and the Bloch functions are the 2D rigid-band model. AGIC's and DGIC's would exhibit similar excitation spectra owing to the symmetric band. The energy dispersion relations are linear and isotropic in the neighborhood of the P and PЈ points. Blinowski et al. 20 further proposed a linear energy band by using these two characteristics. Such a simple band is successful in understanding optical and electronic properties of GIC's. 1, 21 For example, it is utilized 27 to explain the intraband plasmon in the stage-1 graphite FeCl 3 . 8 Here the rigid band in Eq. ͑2͒ is used to study the plasmons in the stage-1 AGIC's and DGIC's. In short, the band exhibits the following characteristics: strong wave-vector dependence, anisotropy, and special symmetry. They will be directly reflected in the excitation spectra.
The -electronic excitations are described by magnitude (q) and direction ͑͒ of the transferred momentum and excitation energy (w). 0°рр30°is sufficient to characterize the various direction-dependent excitations because of the hexagonal symmetry. The response function ͑͒ is calculated from the self-consistent-field method ͑RPA͒. 29 
q x ϭqcos and q y ϭq sin . ⑀ 0 ϭ2.4 is the background dielectric constant. 5 V q ϭ2e 2 /q is the Coulomb interaction of a 2D EGS. f is the Fermi distribution function. It is sufficient to consider the Tϭ0 case, because the plasmon frequency (Ͼ1 eV) is much larger than the thermal energy. ϩ and Ϫ in Eq. ͑3c͒, respectively, correspond to the intraband ͑v→v and c→c͒ and the interband ͑v→c and c→v͒ excitations. The response function in Eq. ͑3b͒ has included the band-structure effect on the Coulomb interaction ͓Eq. ͑3c͔͒. There exist electron-hole (e-h) excitations when Im 0. The intraband excitations are clearly absent in a graphite layer with E F ϭ0; i.e., they are absent in graphite, but present in GIC's. Graphite and GIC's thus have different excitation spectra, as shown in Figs. 2͑a͒ and 2͑b͒. The details concerning the -electronic excitations will be discussed in Sec. III. ⌫ is the energy width due to various deexcitation mechanisms. It could cause the broadening effect of the excitation spectrum. The excited electrons could further decay by means of the electron-electron interaction, 27 the electronphonon interaction, the electron-impurity scattering, and the electron-intercalant scattering. The energy width generally depends on the wave vector, and it is predicted to ϳ0.1 eV for the inelastic Coulomb scattering. 27 ⌫ here is treated as a free parameter, and ⌫ϭ0.1 eV is mainly taken in the calculations. ⌫ϭ2 meV used in the inset of Fig. 7 is only for clarifying the special structures of ⑀ before broadening. When ⌫ is finite, needs to be replaced by 30 ͑q,,w ͒ϭ
The above correction does not lead to significant changes in the excitation properties, e.g., the -plasmon frequencies.
Both graphite and stage-1 GIC's are regarded as 2D supperlattices, which are composed of the infinite periodical graphite layers. Each layer has the band described by Eq. ͑2a͒ and the response function by Eq. ͑3b͒. Excitations on a certain layer are screened by electrons on all layers via the Coulomb interactions. The interlayer coupling is very important in supporting the plasmon at q→0 and enhancing the plasmon frequency. This supperlattice model is similar to that of the layered EGS. 31 The difference in the electronic structure is what distinguishes these two systems.
The dielectric function ͓Eq. ͑3a͔͒ of a single graphite layer would be modified in the presence of the interlayer Coulomb interactions. Graphite and stage-1 GIC's are assumed to be perturbed by a probing electron with the timedependent potential V ex (q,,w). Electrons on all layers will screen this external field, which thus causes the induced charges. The effective potential (V eff ) is the sum of the external potential and the induced potential from all induced charges. V l eff on the lth layer is given by
is recognized to be the induced charge density on the lЈth layer. Equation ͑5͒ could be solved by performing the following Fourier transform:
where ͉q z I c ͉р, and similarly for V l eff . The effective potential is further given by
where S͑q;q z ͒ϭsinh͑ qI c ͒/͓cosh͑ qI c ͒Ϫcos͑ q z I c ͔͒. ͑7b͒
S(q;q z )Ϸ1 at large qI c , which means that the interlayer Coulomb coupling and the differences among various q z 's modes are negligible.
The effective potential in Eq. ͑7a͒ depends on the external potential, namely, the density distribution of the probing electron. There are two kinds of special cases. First, the density distribution inside the system is uniform if the probing electron has the well-defined momentum state. V l ex is independent of l so that the q z ϭ0 mode is the only effective excitation mode. The effective dielectric function is then expressed by ⑀͑q,,w͒ϭ
͑8͒
Second, the probing electron is localized on the lϭ0 layer, i.e., V lϭ0 ex ϭV q . All the q z modes would contribute to the excitation spectra, but have different weight. The effective dielectric function is expressed by
The momentum resolution (⌬k) is, respectively, 0.033 and 0.055 Å Ϫ1 in the measurements of graphite (I c ϭ3.35 Å) ͑Refs. 6 and 7͒ and stage-1 graphite FeCl 3 (I c ϭ9.42 Å). 8 The wave-packet width (Ͼ1/⌬k) of the probing electron is roughly estimated to be larger than the periodical distance I c . The dielectric function only with the q z ϭ0 mode ͓Eq. ͑8͔͒ is relatively appropriate in describing excitation properties, and is primarily used in the calculations. But, basically, excitation spectra are similar for the above two kinds of dielectric functions.
III. THE PLASMONS
The dielectric function in Eq. ͑8͒ is mainly used to study excitation properties of the graphite layers, e.g., the effect of band structure on ⑀ and the q-and -dependent plasmons. The -plasmon frequencies are evaluated for graphite and stage-1 GIC's, and the calculated results are compared with the experimental measurements. 6, 8, 9 A. Graphite For a single graphite layer, the interband excitations from the valence to the conduction bands are the only effective excitation channel. Graphite has only interband excitations, if the weak overlap 1, 21 between the valence and the conduction bands is neglected. The excitation spectrum of graphite along the x axis (ϭ0°) is shown in Fig. 2͑a͒ . The excitations from the P points ͓Fig. 1͑b͔͒ require the minimum energy, the threshold energy E th ͑the light solid curve͒. It must have the interband e-h excitations, when excitation energies are higher than E th . Moreover, the plasmon ͑the heavy dashed curve͒ survives in the interband e-h excitations, which is damped even at very small q. These excitation properties are in great contrast to those of an EGS. 25 For example, the e-h excitations of an EGS are seriously limited by the Fermi surface, and the plasmon is undamped at small FIG. 2. ͑a͒ The excitation spectrum of graphite is shown at ϭ0°. The heavy dashed curve corresponds to the plasmon of the q z ϭ0 mode. The region above the light solid curve is the interband e-h excitations. ͑b͒ Same plot as ͑a͒, but for the stage-1 GIC's, with E F ϭ0.75 eV and I c ϭ9.42 Å. The dotted curve is the intraband plasmon. The region bound by the two heavy solid curves is the intraband e-h excitations. The shaded region is the coexistent region including the interband and intraband e-h excitations.
q. The boundary of the interband e-h excitations is elevated with increasing ͑not shown͒, and so is the plasmon frequency ͓Fig. 5͑a͔͒. The excitation spectra are basically similar for various azimuthal angles.
The dielectric function ͓Eq. ͑8͔͒ for various q at ϭ0°a nd ⌫ϭ0.1 eV is shown in Figs. 3͑a͒ and 3͑b͒. We first see the q→0 case. The imaginary part of the dielectric function ͓⑀ 2 ; the heavy dashed curve in Fig. 3͑b͔͒ exhibits a divergent peak at w→0. ⑀ 2 is proportional to Im ͓Eq. ͑3b͔͒, so the singular structure is derived from the characteristics of the interband excitation energy 27 where w 0 ϭ3␥ 0 bq/2 is very close to E th . By using the Kramers-Kronig relations, the real part of the dielectric function ͓⑀ 1 ; the heavy dashed curve in Fig.  3͑a͔͒ further diverges in the form 1/ͱw 0 Ϫw. At wϭ2␥ 0 , ⑀ 2 exhibits another singular structure, a logarithmic divergency. It results from the excitations of the middle points ͑the Q points͒ between P and PЈ points, since these critical points are saddle points in the energy-wave-vector space. 32 Concomitant with the logarithmic divergency in ⑀ 2 is a discontinuity ͑a diplike structure after broadening͒ in ⑀ 1 . ⑀ 1 is negative near this structure, and then it would become vanishing. The zero of ⑀ 1 , if at where ⑀ 2 is small, is associated with the plasmon of graphite. The plasmon could induce a prominent peak in EELS ͑Fig. 4͒.
When q increases from zero, P and PЈ points have different characteristics. The P point remains at a minimum. The excitation matrix element in Eq. ͑3c͒ vanishes; therefore, there is no singular structure at the threshold energy. However, the PЈ point gradually changes from a minimum into a saddle point with increasing q. The singular structure in ⑀ 2 (⑀ 1 ) would alter from the square-root divergency into the logarithmic divergency ͑the barrierlike structure͒. On the other hand, the singular structures at high frequencies keep their forms as q increases. That is to say, ⑀ 2 always exhibits the logarithmic divergency and ⑀ 1 the diplike structure at wу2␥ 0 . They are due to the saddle points, which satisfy the condition ‫ץ‬w vc /‫ץ‬k x ϭ0 and ‫ץ‬w vc /‫ץ‬k y ϭ0. These saddle points would vary with q, which contrast strongly with the fixed saddle point PЈ. They are just the Q points at qϭ0, but the former are gradually away from the latter when q grows. The excitations from such saddle points could lead to diplike structures and zeroes in ⑀ 1 , so that they are recognized to be the cause of the plasmon. It is interesting to note that similar inter--band excitations have been suggested to explain the ϳ6-eV plasmon in C 60 -related materials 11 and carbon nanotubes. 33 The frequencies corresponding to the vanishing ⑀ 1 are enhanced with increasing q. The plasmon frequencies are thus expected to increase with q.
The excitation properties also depend on the direction of the transferred momentum. would affect the number and   FIG. 3 . The dielectric function ⑀ of the q z ϭ0 mode. ͑a͒ The real part ⑀ 1 for various q at ϭ0°and ⌫ϭ0.1 eV. ͑b͒ Same plot as ͑a͒, but for the imaginary part ⑀ 2 . ͑c͒ Same plot as ͑a͒, but calculated at ϭ30°. ͑d͒ Same plot as ͑a͒, but for ⑀ 2 at ϭ30°. The units of q is Å Ϫ1 here and henceforth.
the positions of the critical points. ⑀ at ϭ30°͓Figs. 3͑c͒ and 3͑d͔͒ is taken as an example. When increases from zero to 30°, the characteristics of the P and PЈ points become the same. Both of them are minima at ϭ30°. The excitations from the P and PЈ points could cause the sharp excitation edge in ⑀ 2 at any q. Moreover, ⑀ 2 and ⑀ 1 exhibit the square-root divergencies at the threshold energy. 27 There are two more singular structures at wу2␥ 0 , which are caused by two different saddle points. These saddle points are close to the Q points at small q, as stated above. The number of saddle points is determined by the topological considerations, and here it depends on and q. The diplike structures or the zeros of ⑀ 1 ͓Fig. 3͑c͔͒ occur at higher frequencies as compared with those of ⑀ 1 in Fig. 3͑a͒ . The plasmons, as indicated from this result, have higher frequencies at larger ͑Fig. 5͒. In brief, the singular structures in the dielectric function directly respond to the special symmetry of the band, and are appreciably affected by q and .
Zeppenfeld 6 first measured the q-dependent transmission EELS at ϭ0°and 30°, and obtained ⑀ 1 and ⑀ 2 from the Kramers-Kronig relations. Buchner 7 later made similar measurements, and obtained similar ⑀ 2 . Zeppenfeld's result is complete, and is used as a model for discussion. The experimental ͑Figs. 10 and 11 in Ref. 5͒ and the theoretical ͓Figs. 3͑a͒-3͑d͔͒ results are consistent with each other in the forms and the number of the singular structures. The magnitude of ⑀ is similar; moreover, the differences between the positions of the singular structures are within the experimental energy resolution (Ͼ0.5 eV).
The EELS, defined as Im͓Ϫ1/⑀(q,,w)͔, is calculated for a closer study of the plasmon. The results for various q at ϭ0°are shown in Fig. 4͑a͒ . Each spectrum exhibits a weak and a broad peak at low w, and a very pronounced peak at wϾ7 eV. The former is due to the e-h excitations. The latter is identified as the plasmon, since it results from the vanishing ⑀ 1 and the small ⑀ 2 ͓Figs. 3͑a͒ and 3͑b͔͒. The plasmon peak remains strong even at large energy width, e.g., ⌫ϭ0.5 eV. This band-induced plasmon mode is the most important excitation in the loss spectrum. The plasmon frequency clearly increases as q grows ͓Fig. 5͑a͔͒. EELS will remain similar during the variation of . The increasing only changes the detailed EELS. It could enhance the number and the intensity of the weak peaks, and the plasmon frequency, but reduce the intensity of the plasmon peak, e.g., EELS at ϭ30°͓Fig. 4͑b͔͒.
The measured EELS depends on the probing electron ͑or the external potential͒ in addition to the intrinsic response function, as discussed in Sec. II. The above-mentioned EELS are the excitation spectra of the q z ϭ0 mode. They correspond to the uniformly probing electron density. But when the probing electron is localized on a certain layer, all q z modes are effective excitation channels. The plasmon is a quantum of the electronic collective oscillation. The plasma oscillations on all layers are in phase for the q z ϭ0 mode, which would exhibit the strongest plasmon peak and the highest plasmon frequency. In general, for small ͉q z ͉ modes, the plasmon peaks are stronger, and the plasmon frequencies are higher. 31 The differences among various q z modes are primarily decided by the factor S(q;q z ) in Eq. ͑7b͒. They are obvious at small q, but negligible at large q(у1 Å Ϫ1 ). The EELS including all q z modes ͓the heavy dashed curves in Figs. 4͑a͒ and 4͑b͔͒ , as compared with those of the q z ϭ0 mode, would exhibit weaker plasmon peaks at lower frequencies. The measured EELS are expected to be between the above two kinds of EELS.
We further see the dispersion relation of plasmon frequency with q. w p (q) of the q z ϭ0 plasmon mode at various is shown in Fig. 5͑a͒ . The strong q dependence directly reflects the -band characteristic, the strong wave-vector dependence. It approaches a finite value at q→0; therefore, the plasmon in graphite belongs to an optical plasmon. Furthermore, w p at small q is examined to be well fitted by C 0 ϩC 2 q 2 . The plasmon indicated from such behavior is like an optical plasmon in a 3D EGS, 25 even if they respectively correspond to the interband and the intraband excitations. The q-dependent plasmons also rely on . The dielectric function, as seen in Figs. 3͑a͒-3͑d͒ , at any q is obviously influenced by . However, the dependence of w p on is strong only at large q; i.e., the plasmon would clearly exhibit the anisotropic behavior under such a condition.
The plasmon in a single graphite layer ͓Fig. 5͑b͔͒ is also studied to understand the effects of the interlayer Coulomb interactions. There are two principal differences between a 2D graphite layer and graphite. One is that the plasmons at very small q (qϽ0.05 Å Ϫ1 ) would disappear in the former, while they could exist in the latter. Such plasmons in a single graphite layer are completely suppressed by the interband e-h excitations. It means that at the long-wavelength limit, the interlayer Coulomb interactions are very important in supporting the plasmon of graphite. Additionally, these interactions play a similar role in the intraband plasmons of the stage-1 GIC's ͑see below͒. 26, 27 Also the plasmon frequencies of the former are much lower than those of the latter at small q (qϽ0.5 Å Ϫ1 ); that is, w p 's are considerably enhanced by the interlayer Coulomb interactions. The main reason for this is that the interlayer Coulomb coupling is very strong at small qI c .
The calculated plasmon frequencies could provide a reasonable explanation for the experimental measurements. Zeppenfeld 6 measured the q-dependent -plasmon frequencies for various q's at ϭ0°͑squares in Fig. 6͒ and ϭ30°͑circles͒. The experimental energy resolution is ϳ0.5 eV at small q and even lower at large q. 7 The plasmon frequencies are dependent on the external potential, since the wave packet of the probing electron has a finite width. The uniform and the localized probing electrons, respectively, result in the excitations of the q z ϭ0 mode and all q z modes. w p (q) of the former is higher than that of the latter, as stated earlier. Their frequency difference is mainly at small q, and it is ϳ0.35 eV at q→0. The calculated results are approximately estimated to be the plasmon frequencies between those of the q z ϭ0 mode and all q z modes. They are consistent with the experimental results. This is a good indication of the suitability of the 2D supperlattice model for graphite. In addition, the -plasmon frequencies of the semi-infinite graphite were measured by the reflection EELS. 34 The q dependence of w p is almost absent, which is in great contrast to the measured results of the transmission EELS. 6, 7 Whether the surface markedly affects the -plasmon frequencies needs further experimental and theoretical studies.
B. Stage-1 GIC's
GIC's could exhibit the intraband and the interband excitations, which differ greatly from graphite. The intercalation would change the Fermi energy and the interlayer distances. Its effects on the excitation properties are investigated. Ritsko and Rice 8 measured the EELS of the stage-1 graphite FeCl 3 ͑AGIC's͒, and obtained the q-dependent plasmon frequencies. The 2D supperlattice model is used to explain the measured results. In general, the 2D rigid-band model is relatively suitable for the AGIC's. 1, 20, 21 We also study the plasmon in the stage-1 C 8 M ͑DGIC's͒. Comparison with experimental measurements 9 is useful in understanding whether such a model is suitable for these compounds.
The stage-1 graphite FeCl 3 , with E F ϭ0.75 eV and I c ϭ9.42 Å, 27 is taken as an example. The excitation spectrum at ϭ0°is shown in Fig. 2͑b͒ . GIC's, as compared with graphite ͓Fig. 2͑a͔͒, exhibit the richer spectrum. In addition to the interband e-h excitations and the plasmon, GIC's could exhibit intraband e-h excitations and the plasmon. The intercalation has certain important effects on the excitation spectra. First, the intraband excitations are present in GIC's, while they are absent in graphite. They are apparently due to free holes in AGIC's. The boundaries ͑the heavy solid curves͒ of the intraband e-h excitations are determined by the Fermi surface. Moreover, the intraband plasmon in GIC's is undamped at sufficiently small q (Ͻ0.1 Å Ϫ1 ), and vice versa. Second, the interband threshold energies ͑the light solid curves͒ at small q are comparatively high for GIC's. The interband excitations in GIC's are limited by the Fermi surface states; hence, they need higher excitation energies. The threshold excitations result from the Fermi surface states for GIC's, but the P point for graphite. Also notice that the interband threshold energies at large q are the same for GIC's and graphite, i.e., they correspond to the P point. Finally, the -plasmon frequencies in GIC's are obviously reduced. The main reason is shown to be the enhanced interlayer distances ͑see below͒.
The excitation spectrum would alter with . Its main change is the coexistent region including the intraband and the interband e-h excitations ͓the shaded region in Fig. 2͑b͔͒ . The coexistent feature principally reflects the fact that the P and PЈ points have different excitation properties at 30°͑see below͒. When increases from zero, such a region would gradually diminish and finally disappear at ϭ30°͑not shown͒. Mele and Ritsko 26 used the 2D -band structure to study the low-frequency excitation spectrum. They obtained the coexistent region similar to Fig. 2͑b͒ at ϭ0°. On the other hand, Shung 27 used the linear and isotropic -band structure, 20 so the coexistent region did not exist. The boundary of the interband e-h excitations just touches the upper boundary of the intraband excitations, which is similar to the ϭ30°case.
The dielectric function at qϭ0.21 Å Ϫ1 and ϭ0°is shown in Figs. 7͑a͒ and 7͑b͒ . The contribution from the intraband excitations is confined to the low-frequency range ͑the solid curves in insets͒, since the momentum and the energy are conserved in the electron-electron interaction. At ϭ0°, the Fermi surface states near the P point are quite different from those near the PЈ point. A certain Fermi surface state near the P point is a saddle point, and that near the PЈ point is a maximum. For ⑀ 2 (⑀ 1 ), they respectively cause the logarithmic divergency 32 ͑the discontinuity or the diplike structure after broadening͒ and the positive square-root divergency 27 ͑the negative square-root divergency or the diplike structure͒. The intraband excitation from the maximum could result in a zero of the total ⑀ 1 ͓the heavy dashed curve in the inset of Fig. 7͑a͔͒ at small ⑀ 2 and thus are related to the intraband plasmon. Additionally, this plasmon may be damped by the interband e-h excitations because of ⑀ 2 0 ͓the light dashed curve in the inset of Fig. 7͑b͔͒ .
Concerning the interband excitations, the roles of the P and PЈ points may be similar to those in graphite. The former is a minimum, and the latter is a saddle point. There is another saddle point, which originates from a certain Fermi surface state close to the P point. Its excitation energy is between those of P and PЈ points. The above two saddle points 32 induce the logarithmic divergences in ⑀ 2 and the barrierlike structures in ⑀ 1 . Here, the minimum interband excitation energy of the P point is relatively small, as compared with the maximum intraband excitation energy of the Fermi surface states near the PЈ point. Hence the interband excitations could coexist with the intraband excitations at a certain region ͓inset in Fig. 7͑b͔͒ . The coexistent feature is subject to the following conditions: the excitation properties near the P point differ from those near the PЈ point, and the P point is the minimum of the interband excitations. On the other hand, when q is sufficiently small (qϽ0.15 Å Ϫ1 ), a certain Fermi surface state close to the P point would become a minimum. This implies that the interband e-h excitations are located above the intraband e-h excitations ͓Fig. 2͑b͔͒, or the coexistent region does not exist. This is also the reason the interband threshold energies of GIC's are higher than those ͓Fig. 2͑a͔͒ of graphite at small q. For the highfrequency excitations, the diplike structure in ⑀ 1 and the logarithmic divergency in ⑀ 2 stem from the saddle points near the Q points, as shown in graphite ͓Figs. 3͑a͒-3͑b͔͒.
The total excitations ͑the heavy dashed curves͒ at high frequencies are hardly affected by the intraband excitations, e.g., the zero of ⑀ 1 . This indicates that the -plasmon frequencies of the stage-1 GIC's are independent of the freecarrier density or the Fermi energy. The similar dielectric functions could be obtained for other q. But when q increases, the diplike structure in ⑀ 1 , which corresponds to the intraband plasmon, becomes shallow quickly. The intraband plasmon would disappear at the critical momentum q c ϳ0.3 Å Ϫ1 ͓Fig. 2͑b͔͒. ⑀ is also affected by -mainly the number and the positions of the critical points. For example, P and PЈ points have similar characteristics at ϭ30°, so there is no coexistent feature in the excitation spectrum.
The EELS for various q at ϭ0°is shown in Fig. 8 . There are two pronounced peaks at small q, e.g., EELS at ⑀ of the q z ϭ0 mode is calculated at qϭ0.21 Å Ϫ1 , ϭ0°, and ⌫ϭ0.1 eV. The total, intraband, and interband excitations, respectively, correspond to the heavy dashed, solid, and light dashed curves. ͑a͒ ⑀ 1 , and ͑b͒ ⑀ 2 . ⑀ 1 and ⑀ 2 at ⌫ϭ2 meV are shown in the insets for clarity.
qϭ0.1 Å
Ϫ1 ͑the heavy solid curve͒. The sharp peak at low frequency and the broad and strong peak at high frequency are, respectively, identified as the intraband plasmon and the plasmon. Both of them are optical plasmons as a result of the interlayer Coulomb interactions. However, their causes and certain characteristics are very different from each other. The intraband plasmon is associated with the intraband excitations from the Fermi surface states near the PЈ points ͑also including the P points at ϭ30°͒, but the plasmon is associated with the interband excitations from saddle points near the Q points. These two kinds of plasmons are damped by the interband e-h excitations, while the intraband plasmon is undamped at sufficiently small q ͓Fig. 2͑b͔͒. Moreover, the intraband plasmon is rapidly damped down with increasing q, and its critical momentum (ϳ0.3 Å Ϫ1 ) is much smaller than that (ϳ1.5 Å Ϫ1 ) of the plasmon. There is another weak peak at low frequency when q grows. It is the e-h excitations, and is caused by the different excitation properties around the P and PЈ points. This structure is absent at ϭ30°, e.g., EELS at qϭ0.21 Å Ϫ1 ͑the light solid curve͒. The measured EELS ͑Ref. 8͒ is comparatively similar to the ϭ30°case. Other details concerning the intraband plasmon could be found in Refs. 26 and 27. As a general rule, the intraband plasmon behaves as an optical plasmon, with a small q c , and its dependence on is weak.
The q-dependent -plasmon frequencies of the stage-1 graphite FeCl 3 are shown in Fig. 9 . The dependence of w p on the external potential is weak, owing to the large interlayer distance I c ϭ9.42 Å. Hence w p (q) of the q z ϭ0 mode is close to that of all q z modes except at very small q, e.g., w p (q) at ϭ30°. Ritsko and Rice measured w p at various q ͑open circles͒, 8 in which the dependence was neglected. The measured and the calculated results are relatively consistent with each other at ϭ30°, as seen in EELS. The plasmons in GIC's are similar to those in graphite ͓Fig. 5͑a͔͒ except that their frequencies are obviously reduced at small q. For example, they are like an optical plasmon in a 3D EGS at small q, and the dependence is apparent at large q.
The two factors, the interlayer distances and the transferred charges, are investigated to account for the reduced -plasmon frequencies. They could be varied by means of intercalation. 1 The -plasmon frequencies, as shown in Fig.  10 , are strongly affected by the interlayer distances. The larger I c is, the lower w p is. The effect of I c on w p is principally decided by the interlayer Coulomb coupling ͓V q S in Eq. ͑8͔͒. The interlayer interaction is reduced with increasing qI c , so that ⑀ 1 would vanish at the lower frequency. Hence, the -plasmon frequency decreases with increasing I c . On the other hand, the -plasmon frequencies are insensitive to the Fermi energy. Also notice that the opposite is true for the intraband plasmon. 26, 27 The screening effects due to the free carriers are confined to the low-frequency range ͓Fig. 7͑a͔͒. Moreover, the interband excitations from the saddle points near the Q points, which is associated with the plasmon, occur at the high-frequency range. Therefore, the vanishing ⑀ 1 at the high-frequency range is hardly affected by the Fermi surface; i.e., the effect of E F on the -plasmon frequency would be negligible. In short, the enhanced interlayer distances should be an important influence in reducing the -plasmon frequencies of the stage-1 graphite FeCl 3 . 8 The 2D rigid band could explain the measured plasmons in the stage-1 AGIC's. It is further applied to calculate the -plasmon frequencies of the stage-1 C 8 M ͑DGIC's͒. 1 I c 's are close to one another and their -plasmon frequencies, as stated above, would be also. This prediction is supported by the experimental measurements. Grunes and Ritsko 9 measured the EELS of C 8 M , and obtained w p ϳ6.19-6.25 eV at qϭ0.1 Å Ϫ1 . The measured results are consistent with the calculated results 6.37-6.44 eV ͓the light solid curve in Fig. 10͑b͔͒ . The 2D rigid-band model is suggested to be still available in C 8 M . There are other similar suggestions. 35, 36 
IV. CONCLUDING REMARKS
In this work, the -electronic excitations in graphite and stage-1 GIC's are studied within the RPA. The 2D superlattice model is utilized to calculate the excitation spectra and the q-and -dependent -plasmon frequencies. Generally speaking, the plasmons in these two systems have similar characteristics. The calculated results could explain the experimental measurements on graphite 6 and stage-1 graphite FeCl 3 ͑AGIC's͒.
8 They are also consistent with the measured plasmon frequencies of C 8 M , 9 which implies that the 2D rigid-band model is still available in these DGIC's. [35] [36] Similar studies could be further extended to semi-infinite graphite, 34 the ϩ electronic excitations, and other related systems ͑e.g., the layered boron nitride͒. 7 The excitation properties directly reflect the -band characteristics, the special symmetry, the strong wave-vector dependence, and the anisotropic behavior. The critical points in the energy-wave-vector space could induce the singular structures in the dielectric functions and are thus associated with the -electronic collective excitations. The plasmon has a strong dispersion relation with q, and at small q, it behaves as an optical plasmon in a 3D EGS. The anisotropic behavior at the plane is clear at large q. Moreover, the interlayer Coulomb interactions are found to be very important in supporting the plasmons at very small q and enhancing the plasmon frequencies.
Graphite and GIC's have the common excitation properties as mentioned above. However, there are two principal differences between them. First, the excitation spectra of GIC's are richer. In addition to the interband e-h excitations and the plasmon, GIC's could exhibit the intraband e-h excitations and the intraband plasmon. The intraband plasmon, with w p ϳ1 eV, exists in GIC's owing to the highdensity free carriers. Both the intraband plasmon and the plasmon belong to optical plasmons, while their causes and certain characteristics differ greatly from each other. They are, respectively, derived from the intraband excitations of the Fermi surface states near the PЈ points ͑also including the P points at ϭ30°͒ and the interband excitations of the saddle points near the Q points. The intraband plasmon is quickly damped down with increasing q, while the plasmon could exist at large q. Second, the -plasmon frequency of the stage-1 GIC's is lower. The enhanced interlayer distances are an important influence in reducing w p . On the other hand, the effect of free carriers on w p is negligible, since the intraband excitation energies are much lower than w p .
